. Captured video images of fiber fuse ignition and propagation along a single mode silica glass optical fiber pumped by a 9.0 W and 1.48 µm laser light. See the original video at http://www.youtube.com/watch?v=yjX5dU1EkTk (See also Table 3) 2 Will-be-set-by-IN-TECH important milestones in optical communication, including the ultimate loss reduction of silica glass optical fibers by Kanamori et al. (1986) and the invention of Er-doped fiber amplifiers by Mears et al. (1987) . Although this sensational phenomenon must have attracted some interest since its discovery, the number of related papers increased only after the turn of the century as a result of the rapid development of high power light sources (see Fig. 2 ). also  Table 4) Most of these researches were conducted from practical standpoints and have included techniques for the prevention and termination of a fiber fuse. In addition, studies from theoretical and/or microscopic viewpoints have been undertaken since 2003 (see Fig. 3 ). This paper briefly summarizes recent studies of macroscopic fiber fuse propagation where the fuse is regarded as a point without internal structures (Section 2) and the microscopic behavior of traveling plasma in relation to periodic void formation (Section 3). All the descriptions relate to silica-based fibers unless otherwise specified.
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Fig. 3. Classification of fiber fuse studies with some key words and researchers.
Macroscopic behavior 2.1 Fiber fuse initiation, propagation and damage
Optical fibers were primarily developed to be transparent so that they would transmit light as far as possible. Therefore, at first it seems strange that transmitting light can actually destroy an optical fiber. However, it becomes reasonable when we consider that the absorption of the waveguide materials increases at elevated temperatures. Heat is the key to fiber fuse initiation. Kashyap (1988) reported a steep increase in absorption over 1050 • C through a one-meter-long Ge-doped single-mode silica glass fiber (see Fig. 4 ). Shuto et al. (2004a) suggested three factors as possible origins of this absorption: (i) point-defect (Ge E ′ center) formation (see Eqs. (1) and (2)), (ii) electronic conductivity due to the thermal ionization of a Ge-doped silica core (Eq. (2)), and (iii) the thermochemical production of SiO in silica glass (Eq. (3)). reported that the threshold power density required for fiber fuse initiation was of the order of 3 MW/cm −1 among typical single mode fibers operated at 1.06 µm regardless of fiber type or core composition. 50  950  1050  1150  900  1000  1100 Temperature, °C Absorption, dB/km Fig. 4 . Temperature dependence of the absorption in a single-mode Ge-doped silica glass fiber reported by Kashyap (1988) .
Another seemingly strange characteristic of a fiber fuse is the propagation of a bright spot toward the light source. However, this is intuitively understandable if we compare it with a grassfire (see Fig. 5 ). A solitary wave of fire or plasma persists as an irreversible reaction region being fueled from the front, emitting light and heat all around, and leaving cinders or damage behind it. Such a solitary wave can be considered a "dissipative soliton" as discussed later.
In the fiber fuse reaction region, ionized gas plasma is enclosed by a molten glass layer, and this situation is maintained by the pump laser energy. Shuto (2010) mentioned that most of the plasma is generated through the reaction described by Eq. (4). The temperature is estimated to be more than a few thousand degrees Kelvin by Hand & St. J. Russell (1988) and Dianov, Fortov, Bufetov, Efremov, Rakitin, Melkumov, Kulish & Frolov (2006) . The propagation speed and pump power dependence of a fiber fuse have been investigated by many researchers. The speed is generally of the order of meters per second and increases almost linearly with pump laser power. However, Davis et al. (1997) pointed out that the slope vs. power density varies for different types of fibers. As for the threshold power needed for fuse propagation, P th , pointed out that mode field diameter (MFD), 2r s , is the dominating factor, i. e., the threshold power density (I th = P th /πr 2 s ) varies approximately inversely with the MFD for several types of fibers pumped at 1.06-1.48 µm (see also ). On the other hand, Seo et al. (2003) reported a linear relation between P th and MFD, which is parallel to the Dianov's relation. Table 1 . Threshold power of fiber fuse propagation, P th , for various fibers. See also Fig. 6 in Takenaga, Omori, Goto, Tanigawa, Matsuo & Himeno (2008) .
After the fiber fuse has passed, a hollow damage train is left behind, and the fiber is no longer able to guide light. Figure 6 shows an example of fuse damage; a fiber fuse propagated from right to left and terminated at the position shown by the arrow due to a gradual reduction in the pump power. The pair of horizontal lines surrounding these voids is the border of the region modified by the passage of the hot plasma. Its diameter is larger than the original core size seen on the left of the arrow and increases with the pump power. Kashyap (1988) detected O 2 gas inside the voids using Raman microscopy. The adjacent glass layer is expected to be densified. Dianov et al. (1992) provided supporting evidence, namely that refractive index around the void increased after the passage of the fiber fuse and subsequently decreased after fiber annealing for several seconds at about 1000 • C. The top of the void train provides a strong scattering point if the light is launched again. Yamada et al. (2011) warned that this scattered light heats and burns the surrounding coating and nylon jacket.
Dissipative soliton and termination technology
If we wish to avoid a fiber fuse, we should consider the energy flow into and from the traveling plasma. A "dissipative soliton" is a useful concept for this purpose and is defined by Akhmediev & Ankiewicz (2005) as follows:
A dissipative soliton is a localized structure which exists for an extended period of time, even though parts of the structure experience gain and loss of energy and/or mass. ··· These solitons exist in "open" systems which are far from equilibrium. On the basis of this energy flow, several researchers performed computer simulations of fiber fuse propagation and succeeded in reproducing the experimental propagation speed values. Their equations describing the energy flow are listed in Table 2 . For the absorption coefficient, Rocha et al. (2009) used the Arrhenius form, α = α 0 exp(−T ′ /T), whereas other researchers used a custom function reproducing the steep temperature dependence shown in Fig. 4 . Shuto et al. (2004b) performed precise calculations using polar coordinates in which radiation heat loss appeared in the boundary condition. They also discussed the wavelength and power density dependence of the propagation speed. Akhmediev et al. (2008) described fiber fuse propagation as a "dissipative soliton" on the basis of a simple one dimensional calculation. Rocha et al. (2009) introduced a radiation loss term from the fiber surface and simulated three different types of fibers using MFD and α 0 as parameters (see also Rocha et al. (2010) ). The dissipative soliton disappears when the supply of energy or matter is reduced, or the radiant heat and/or light is increased so that the system parameters move outside the range in which the soliton can exist. With a fiber fuse, it stops when the pumping power falls below the threshold power, P th , or when the energy removal is increased. This is the design principal behind "fiber fuse terminators", which have been proposed by many researchers. (2004) :
∂T ∂r
Akhmediev et al. (2008) : Hand & Birks (1989) demonstrated a fiber fuse termination at a special segment where the waveguide structure was modified to expand the pump laser beam (see Fig. 8 (a)). This is because a reduced power density in the core region exhausts the feed for the plasma. Later, Yanagi et al. (2003) developed a detachable device for practical use. However, we should note that this device cannot capture the fuse if the pump power exceeds the assumed limit. Dianov, proposed a different structure in which the thickness of the cladding layer is reduced by chemical etching as illustrated in Fig. 8 (b) . The fiber fuse is arrested here because its internal pressure cannot be maintained at this weakened segment and this causes deformation. Takenaga, Tanigawa, Matsuo, Fujimaki & Tsuchiya (2008) discovered that fiber fuse propagation is not as easy in hole-assisted fibers (HAFs) as in conventional fibers. The termination occurs near the splice point of these fibers (see Fig. 8 (c) ) and the penetration length into the HAF side increases as the pump power decreases. Thus, it is reasonable to consider that the holes release the internal pressure of the plasma to destabilize it. This behavior was directly observed by Hanzawa et al. (2010) with an ultra-high speed video camera. Recent proposals for devices using holey fibers are discussed in section 2.3. Another approach to fiber fuse termination is to interrupt the light source after detecting a propagating fiber fuse. proposed a remote detection method that employs a backreflected light from the void train (see Fig. 9 (a) ). They found that characteristic signals appeared in optical coherence-domain reflectometry after the ignition of the fiber fuse. Rocha et al. (2011) demonstrated a local detection technique that uses a fiber Bragg grating as a temperature sensor placed in thermal contact with the propagation line (see Fig. 9 (b) ). A heat pulse of a few degrees centigrade was detected as an increase in the Bragg wavelength monitored with an optical interrogator. (4) termination.
Fiber fuse under special conditions
A fiber fuse can be initiated not only with a CW laser but also with a pulsed laser. Kashyap (1988) reported that mode locking has little effect on the velocity of damage propagation, but does alter the shape of the periodic voids. Dianov, Fortov, Bufetov, Efremov, Frolov, Schelev & Lozovoi (2006) demonstrated a detonation-like propagation mode with velocities up to 3 km/s that appeared when a Q-switched laser was used for pumping (wavelength: 1.064 µm, pulse repetition frequency: 5 kHz, pulse duration: 250 ns, pulse energy: up to 0.6 mJ, and maximum pulse power: 3.0 kW (3.8 W average)). Traveling plasma appeared only for a pulse duration and the damage included large cracks with a diameter up to 120 µm. There have been several reports on non-conventional fibers. Lee et al. (2006) investigated fuse propagation over polarization-maintaining fibers and found that the power threshold for fast axis alignment is larger than that for slow axis alignment. Wang et al. (2008) showed some damage photographs of crack propagation in double-clad fiber for high power use. Photonic crystal fibers (PCFs) also allow fiber fuse propagation. However, Dianov, Bufetov, Frolov, Chamorovsky, Ivanov & Vorobjev (2004) demonstrated that their threshold power is approximately ten times higher than that for conventional fibers. The reason is apparently the same as that discussed for HAFs above; the air holes reduce the plasma density. Thus, it is possible to use this fiber to make a fiber fuse terminator. Kurokawa & Hanzawa (2011) observed a fuse termination in situ at a splice point between PCF and conventional fiber. Ha et al. (2011) proposed another terminator using a hollow optical fiber. reported the destruction of chalcogenide and fluoride glass fibers pumped at less than 1 W. They observed a distraction wave without plasma that thermally decomposed the entire cross section of the fiber. This is because these materials decompose at a much lower temperature than silica glass.
Microscopic behavior
Another characteristic behavior of a fiber fuse is the formation of periodic bullet-shaped voids. These voids are formed just after the passage of running plasma, and this has been experimentally confirmed by ultra-high speed photography ; , or see Fig. 10 ). Two ideas have been proposed for the driving force behind this void formation. Atkins et al. (2003) suggested that Rayleigh instability, or positive surface tension, minimizes the interface area between plasma and molten glass following the analogy of falling water droplets and an air jet in a fluid (see Fig. 11 ). On the other hand, Yakovlenko (2004) pointed out that this idea has certain inadequacies, that is, it overlooks the high viscosity of molten silica and the 557 Fiber Fuse Propagation Behavior www.intechopen.com Fig. 10 . Ultra-high speed photographs of fiber fuse propagation pumped with 9 W 1.48 µm light (Todoroki (2005b) ). Discrete scattering points from the periodic voids (22 µm-interval) are clearly seen after the running plasma.
disappearance of surface tension at the elevated temperatures. Instead, he mentioned the electrostatic repulsion between negative charge layers induced at the plasma-liquid interface (see also Yakovlenko (2006a) ). However, neither idea can explain why the voids look like bullets. Although Yakovlenko (2006b) pointed out that a bullet shape appeared in his simulated temperature profile of a running plasma, there is no description of its periodic appearance in the time domain.
(1)
Air pump Fig. 11 . Examples of jet breakdown due to Rayleigh instability, (1) A jet of water broken up into droplets (see Isenberg (1992) p. 131) and (2) a bubble train in a water flow (see Chandrasekhar (1981) p. 540).
Meanwhile, I have been investigating the mechanism of periodic void formation through an experiment-based approach, namely, a morphological analysis of void shapes and ultra-high speed photography. Section 3.1 discusses the requirements for periodic void formation. Then, the quench-induced deformation of the hollow melt is clarified by a statistical analysis of damage photographs (Section 3.2). Finally, the mechanism of bullet-like void formation is proposed (Section 3.3). All the discussion relates to silica-based step-indexed single-mode optical fibers unless otherwise specified.
Pump power dependence of hollow damage morphology
We should note that not all the fused damages has the appearance of periodic bullets. Figure  12 shows the front part of a fused damage train that remained in Corning SMF-28 fibers after the light sources had been turned off (1.2-9 W, 1.48 µm, CW; Todoroki (2005c) periodic voids appear when the pump power exceeds 2 W (see (a)-(d)) or ∼1.3 W (g) near the propagation threshold. The latter mode is very unsteady with respect to fluctuations in laser power and/or waveguide structure, i. e. the periodicity disappears easily and sometimes the fuse vanishes 1 . For the former stable mode, the interval of the periodic voids increases with the pump power and a long and narrow void is left at the top of the damage train. These top voids are valuable evidence for exploring the state of traveling plasma. In fact, these photographs show good agreement with the in-situ image of fiber fuse propagation shown in Fig. 13 . In both cases, the shape along the axial direction is asymmetric when the pump power exceeds 2 W. Thus, this asymmetric shape is expected to be the origin of the stable periodic void formation. However, these in-situ images provide no further information about the void formation process owing to their poor resolution. Thus, the shape of the damage sites are analyzed instead in the next subsection.
Deformation of hollow melt during quenching
The period of one void formation is estimated to be a few tens of microseconds based on the propagation speed and void interval. For example, the periodic voids shown in Fig. 12 (a)-(d) were generated every 18.7 µs (9 W) -25.4 µs (3.5 W). During this period, the plasma was found to propagate at a constant speed (Todoroki (2005a) ). Since the damage structure varies according to the moment at which the light source is turned off during this cycle, at least 40 samples were prepared in order to collect a variety of damage patterns. In addition, to maximize the quenching rate of the melt, a fiber fuse was terminated in a segment where the colored nylon jacket (0.9 mmφ) over the cladding had been removed beforehand (about 20 cm at the maximum). This is because color pigments in the nylon jacket scatters the visible radiation from the inside and the backscattered light is re-absorbed by the melt with absorptive species shown in Eqs. (1)- (3) to generate heat. This light-heat conversion occurs throughout the fiber fuse propagation but is absent in the bare fiber segment just before the fiber fuse termination 2 .
To compare the damage sites precisely, the void size should be properly normalized because it varies sensitively with the pump power. For example, the interval of the periodic voids, Λ, among the 81 samples pumped with 9 W 1.48 µm light ranged from 21.7 µm to 22.7 µm. This must be due to the fluctuation of pump laser power and the loss of the fiber between the fuse and the light source. Thus, the following two parameters are defined on the basis of Λ,
where x 1 is a parameter describing the top position of the first void in a virtual scale graduated on Λ (see the vertical lines in Fig. 14) and l 2 is the length of the second void. The left column in Fig. 15 ( (1) - (6)) shows selected photographs of the samples pumped with 9 W 1.48 µm light. They are sorted in order of increasing x ′ 1 , with the intention of rearranging them in chronological order within the void formation cycle (Todoroki (2005a; c) ). The sorted photographs suggest that l ′ 2 has a tendency to decrease with increasing x ′ 1 (see the inset table). This correlation among all the 40 samples is shown on the left in Fig. 16 . The sequence of the photographs seems to capture the moment at which the long top void is divided in two by a melt bridge (Todoroki (2005a; c) ). However, we should not overlook a possibility that these structures are the result of the modification that occurred during the fiber fuse quenching period. Fortunately, the histogram of l ′ 2 shown in the right of Fig. 16 provides a clue to this problem. That is, the l ′ 2 distribution is strongly biased below 1.0. In other words, void structures like (1) shown in Fig. 15 (l ′ 2 > 1.0) appeared less frequently than (2) -(6). If these void structures are stable during quenching, the l ′ 2 distribution is expected to be independent on the quenching rate. Thus, another set of the samples was prepared in which a fiber fuse was quenched in a colored nylon jacketed segment with an outer diameter of 0.9 mm. Hereafter, they are referred to as 'slowly quenched' whereas the previous samples were referred to as 'quickly quenched'. The result shown in Fig. 17 is clearly different from that shown in Fig. 16 ; the correlation between x ′ 1 and l ′ 2 became considerably weaker and the l ′ 2 histogram became relatively flat. This behavior is well explained by an assumption that the melt surrounding the plasma tends to form a bridge inside the cavity after the plasma has been extinguished and before the melt is frozen (see the lower white arrow in Fig. 18 between (3-a) and (c)). In other words, after the quench begins, a melt with a long hollow space (l ′ 2 < 1) becomes unstable and forms a bridge inside the cavity (l ′ 2 > 1). In this case, the bridge position is influenced very little by (7) - (9) shown in Fig. 15 . the moment at which the power is turned off, and there is little correlation between x ′ 1 and l ′ 2 in the resulting structures. In addition, the bridge width in the slowly quenched samples is larger than that of the quickly quenched samples (compare Fig. 15 (7) - (9) and (1)). This suggests that bridge growth was promoted by slow quenching. Possible driving forces for this bridge formation are, firstly, the sudden pressure/temperature decrease in the hollow cavity that occurs as a result of the laser power being switched off and the subsequent deposition of quenched gas, and secondly, the negative surface tension of glass melt (Yakovlenko (2006b) ). The temperature dependence of the surface tension is given by Eötvös formula, γ(T)=k(ρ/M) 2/3 (T cr − T), where k is a constant, ρ density, M molar weight, and T cr critical temperature. Although the experimental data for the silica melt are not available, Yakovlenko (2006b) mentioned that the tension is expected to be negative at elevated temperatures (more than ∼3000 K) and surface creation promoted. The bridge that remained in the quickly quenched samples with l ′ 2 > 1 as in Fig. 15 (1) were probably formed after the power had been turned off. The low probability of the samples with l ′ 2 > 1 shown on the right in Fig. 16 supports this hypothesis. Moreover, this is confirmed by the recent result that I obtained by the in-situ videography of fiber fuse propagation shown in the left of Fig. 19 . If there is a bridge before quenching, i. e. during propagation, no light emission is expected from the bridge. However, the centers of the intensity profiles have no dark regions. This is more clearly recognized when we compare these profiles with the void photographs as shown on the right. These photographs are arranged to coincide with the in situ images with respect to the following two points; (1) the full width of the profile matches the length of the top void (see the green arrows on the top) and (2) the weak scattering points on the vertical dashed line match the top of the periodic voids on the vertical solid line. The blue arrows are reference points for this comparison. Consequently, the melt surrounding the traveling plasma tends to form a bridge inside the cavity after the light source has been turned off. However, this action is suppressed by fast quenching (see Fig. 18 (b) ). Therefore, the damage photographs of quickly quenched samples without such a bridge (see Fig. 15 (2) - (6)) constitute useful data for discussing the periodic process of fiber fuse propagation in the next subsection.
Bridge formation during fiber fuse propagation
According to the sequence in Fig. 15 (2) -(6), the bridge formation process occurs between (6) and (2'). The hottest region of the plasma passed this position ∼120 µs earlier and the temperature is decreasing. Its quenching rate is much slower than that induced by suddenly turning off the light source because the hot plasma is still alive nearby and is moving away at about 1 m/s (= 1 µm/µs). Thus, this situation, illustrated in Fig. 18 (a-1) and (a-2), is almost the same as the slow quenching case (see the lower white arrow) except that the bridge is compressed by the hot plasma. This compression explains why the periodic voids look like bullets. This process is frozen in the photographs shown in Fig. 15 (2) -(6). After a bridge appears, the detached void begins to shrink due to the pressure from the hot plasma until the surrounding melt solidifies. Since the rear side of the new void solidifies earlier than the front, the rear shape remains round whereas the front becomes flatter. It is interesting to find that an early sign of bridge formation is recorded in the in-situ observation result shown on the left in Fig. 19 . A weak modulation appeared on the tail of the light emission profile and its interval is the same as that of the periodic voids. However, it appeared only when the pump power was 9 W (see the black arrow in Fig. 13 ). This modulation may suggest the instability of the plasma or the surrounding melt as proposed by Atkins et al. (2003) (Rayleigh instability) and Yakovlenko (2004) (induced electrostatic repulsion) but further study is needed. The void formation sequence can be modified by controlling certain external conditions. Bufetov et al. (2008) observed a large-scale periodic void train in an optical fiber that allows the interference of the LP 01 and LP 02 modes. Figure 20 shows the void train surrounded by a region of modified refractive index. Its interval was found to coincide with that of the interference pattern. Todoroki (2008) reported the breakage of the periodic void pattern over hetero-core splice points as shown in Fig. 21 . Traveling plasma temporarily stopped forming voids when the core was expanded from HI 1600 to SMF-28e, whereas it left some long voids when the core size was reduced. It is interesting to find a similar tendency in Bufetov's case at the inflection points of the interference. That is, the void train disappears at the segment where the mode field is increasing (see dashed lines b in Fig. 20) , and a long void appears where the mode field is reduced (see dashed lines a). Moreover, some of the voids have a flat area whose direction is opposite to that of the regular bullet-like voids (see arrows in Figs. 20 and 21 ). This behavior must be due to the modulated internal pressure of the plasma. To clarify the mechanism, further investigation is needed including the in-situ observation of traveling plasma and a statistical analysis of quickly quenched void samples. Fig. 21 . Photographs of fiber fuse damage over the splicing point between HI 1060 and SMF-28e (Corning). The hollow spheres in the cladding are located at the border between two fibers and were accidentally captured during splicing. The fuse was initiated with 9W 1.07 µm light that propagates in a multi-mode through SMF-28e.
Summary
Knowledge accumulated about fiber fuse propagation since 1988 is briefly summarized. From a macroscopic viewpoint, the dissipative soliton concept and an analogy with grassfire help us understand this strange phenomenon. The strong heat-induced absorption of silica glass and the highly confined supply of laser energy cause captured plasma to shift to the light source along the fiber leaving catastrophic damage behind it. From a microscopic viewpoint, the periodic void formation process was unveiled by the statistical analysis of void shapes and ultra-fast videography. The bullet-like shape of the damage train results from the formation of an intrinsic bridge inside the hollow silica melt behind the traveling plasma and the successive compression of detached voids under a steep temperature gradient along the fiber.
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